
Biol Fertil Soils (1995) 19:65-72 �9 Springer-Verlag 1995 

Christof Achtnich �9 Friedhelm Bak �9 Ralf Conrad 

Competition for electron donors among nitrate reducers, 
ferric iron reducers, sulfate reducers, 
and methanogens in anoxic paddy soil 

Received: 31 August 1993 

A b s t r a c t  Slurries of  anoxic paddy soil were either freshly 
prepared or were partially depleted in endogenous elec- 
tron donors by prolonged incubation under anaerobic 
conditions. Endogenous NO3 was reduced within 4 h, 
followed by reduction of Fe 3+ and SO 2-,  and later by 
production of CH 4. Addition of  NO 3 slightly inhibited 
the production of Fe 2+ in the depleted but not in the 
flesh paddy soil. Inhibition was overcome by the addition 
of  H2, acetate, or a mixture of  fatty acids (and other 
compounds),  indicating that  these compounds served as 
electron donors for the bacteria reducing NO3 and/or  
ferric iron. Addition on NO 3 also inhibited the reduc- 
tion of SO4 2- in  the depleted paddy soil. This inhibition 
was only overcome by H2, but not by acetate or a mix- 
ture of  compounds,  indicating that H 2 was the predomi- 
nant electron donor for the bacteria involved in NO 3 
and/or  SO4 2- reduction. SO]-  reduction was also inhibit- 
ed by exogenous Fe 3+, but only in the depleted paddy 
soil. This inhibition was overcome by either H2, acetate, 
or a mixture of  compounds,  suggesting that they served 
as electron donors for reduction of  Fe 3+ and/or  SO ]+. 
CH 4 production was inhibited by NO3- both in depleted 
and in fresh paddy soil. Fe 3+ and SO4 2- also inhibited 
methanogenesis, but the inhibition was stronger in the  

depleted than in the fresh paddy soil. Inhibition of  CH 4 
production was paralleled by a decrease in the steady state 
concentration of H 2 to a level which provided a free en- 
thalpy of less than AG = - 17 kJ mo1-1 CH 4 compared 
to more than AG = - 3 2  kJmo1-1  CH 4 in the control. 
The results indicate that in the presence of exogenous 
Fe 3+ or SO ]+, methanogenic bacteria were outcompeted 
for H 2 by bacteria reducing Fe 3§ or SO42§ 
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Introduction 

In paddy soil, degradation of  organic matter  is achieved 
by the sequential reduction of  02, N O y ,  Mn 4+, Fe 3+, 
SO4 z- ,  and CO2 (Ponamperuma 1972; Patrick and Reddy 
1978). This sequence follows the thermodynamic theory 
that predicts that electron acceptors with a higher redox 
potential will be reduced first (Zehnder and Stumm 
1988). All the reactions are catalyzed by microorganisms 
which use one of these compounds as an electron accep- 
tor. One reason why the different electron acceptors are 
used sequentially is seen in the dominance of  one type of  
microorganism in a given interval. This dominance is be- 
lieved to be caused by the competit ion for common elec- 
tron donors, which is won by those microorganisms that 
use the electron acceptor with the highest redox potential. 

The competit ion concept was first presented for com- 
petition between sulfate reducers and methanogens in 
sediments of  Lake Mendota (Winfrey and Zeikus 1977) 
and was later validated for various anoxic environments 
(King 1984; Ward and Winfrey 1985). The competit ion 
concept was then generalized to the competit ion b e t w e e n  
bacteria reducing Mn 4§ , Fe 3+, and SO24 - , and producing 
C H  4 (Lovley and Goodwin 1988; Lovley 1991). The com- 
petition concept was first based on the observation that 
sulfate-reducers have a higher affinity (i.e., a lower Kin) 
for H 2 than methanogens (Kristjansson et al. 1982; Rob- 
inson and Tiedje 1984), and was later extended by the ob- 
servation that SO42--reducers have a lower threshold for 
H 2 than mcthanogens (Lovley et al. 1982; Lovley 1985). 
That  bacteria using electron acceptors with a higher redox 
potential also deplete electron donors to lower threshold 
concentrations has been validated in various defined bac- 
terial cultures using H 2 as an electron donor in the pres- 
ence of different electron acceptors (Cord-Ruwisch et al. 
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1988; Lovley et al. 1989; Seitz et al. 1990; Dolf ing and  
Tiedje  1991). 

There are also examples of  anoxic envi ronments  where 
the opera t ion of  different redox reactions is no t  mutua l ly  
exclusive (Mount fo r t  et al. 1980; King 1984; Isa et al. 
1986; Wes te rmann  and  Ahr ing  1987; Qat ibi  et al. 1990; 
Lovley 1991) or canno t  be explained satisfactorily by the 
compet i t ion  concept  (Conrad  et al. 1987 a). The basic op- 
erat ion of compet i t ion  has no t  so far been r igorously test- 
ed in anoxic paddy soil. 

Therefore, we investigated the interact ion between the 
reduct ion  of  N O 3 ,  Fe 3+, and  SO 2- and  the p roduc t ion  
of  CH4 in slurries of anoxic paddy soil which was either 
used in the fresh state or after prolonged incuba t ion  to 
deplete available electron donors.  

Materials and methods 

The paddy soil was obtained in 1991 from an Italian rice field locat- 
ed near Vercelli in the valley of the river Po. The site, soil character- 
istics, management, and seasonality have been described in earlier 
studies (Schtttz et al. 1989; Rothfuss and Conrad 1993). The soil 
was stored in dry lumps at room temperature. It had a organic C 
content of 2.7O7o. Fresh slurries of anoxic paddy soil were prepared 
by suspending sieved (1 mm mesh) soil in demineralized water (1 g 
dry weight soil plus 1 ml H20). Anoxic paddy soil that was partial- 
ly depleted in electron donors was prepared by incubating soil slur- 
ries for about 3 months at 30~ under an N 2 atmosphere. Auoxic 
incubation was chosen to mimic the situation in a flooded rice field, 
although oxic incubation gives a more rapid depletion of organic 
matter (Mayer and Conrad 1990). Following incubation the soil was 
dried for about 1 week at 30~ under air. The soil was then sieved 
(1 mm) and stored at room temperature. The drying may have caus- 
ed a breakdown of resistant organic matter and an increase in elec- 
tron donors (VanSchreven 1968), but was done to allow storage of 
the soil. This treatment resulted only in a partial depletion of the 
available organic matter, hut experience has shown that rates of 
CH 4 production are decreased (Mayer and Conrad 1990). The par- 
tially depleted soil had an organic C content of 2.3%. For these 
experiments, the partially depleted soil was suspended in demineral- 
ized water (1 g dry weight soil plus 1 ml H20). 

To measure the reduction of NO~, Fe 3+, and SO 2- , the slurry 
(60 ml) was put together with a teflon-coated magnetic bar into a 
glass bottle (100 ml) with a glass tube blown to the neck and closed 
with a black rubber stopper. The headspace of the bottle was 
flushed with N 2 using the glass tube as the inlet and the loose rub- 
ber stopper as the outlet. After closing the bottle, it was incubated 
at 30 ~ on a slowly rotating device. Samples (1.5 ml) of the slurry 
were taken with a pipette while simultaneously gassing the 
headspace with N 2 and stirring the slurry. The samples were centri- 
fuged, filtered through regenerated cellulose membrane filters 
(0.45 pm), and stored frozen (-20~ until analysis of NO~- and 
SO 2- by ion chromatography (Bak et al. 1991). Other samples 
were taken and immediately analyzed for Fe 2+ with the ferrozin re- 
agent (Stookey 1970), using a slightly modified version of the tech- 
nique described by Lovley and Phillips (1987). About 0.5 g of paddy 
soil slurry was transferred under anoxic conditions into a tube with 
4.5 ml 0.5 M HC1. The exact amount of sample was determined 
gravimetrically. The sample was extracted by vortexing for 1 min. 
An aliquot (100 gl) of this mixture was mixed with 1 ml of ferrozin 
reagent (0.1%0 weight ferrozin in 50 mM HEPES buffer pH 7) and 
centrifuged for 2 min at 10000 g. The extinction of the supernatant 
was measured at 562 nm in a photometer. Total extractable Fe was 
analyzed after reduction to Fe 2+ with hydroxylamine (Chao and 
Zhou 1983; Lovely and Phillips 1987). After extraction of the soil 
slurry with 0.5 M HC1 as described above, an aliquot (100 gl) was 
mixed with 2 ml of a solution of 0.25 M hydroxylamine hydrochlo- 

ride in 0.25 M HC1 and incubated for 2 h at 60 ~ Then, 100 gl of 
the mixture was mixed with 1 ml ferrozin reagent and processed as 
described above. The concentration of extractable Fe ~+ was deter- 
mined by the difference between total extractable Fe and Fe 2+ . To 
measure CH 4 production, the slurry (45 ml) was poured into serum 
bottles (120ml) which were flushed with N 2, closed with black 
rubber stoppers, and incubated at 30~ without agitation. Gas 
samples were taken from the headspace after the bottles had been 
heavily shaken by hand, and analyzed for H2, CO 2, and CH 4 as 
described previously (Conrad et al. 1987b). 

In some experiments, the soil slurries were amended with a sus- 
pension of Fe 3+, which was prepared by precipitation with alkali 
(Schwertmann and Cornell 1991), using 1 liter of 0.5 M FeC13 solu- 
tion (pH 1-2) neutralized with 5M NaOH under rapid stirring. 
The samples were then left overnight to allow the Fe 3+ crystals to 
settle. The clear supernatant was sucked off, and the precipitate 
dialyzed for 3 days against H20 which was repeatedly exchanged 
(about every 8 h). The resulting suspension of Fe 3+ was then free 
of electrolytes, and was stored in a 1 M suspension at room temper- 
ature. 

The standard Gibbs free energy at pH7 (AG o= 
- 135.6 kJ mo1-1 CH4) for the H2/CO2-dependent production of 
CH 4 was from Thauer et al. (1977). The Gibbs free energies (AG) 
under the actual incubation conditions were determined for the 
H2/CO2-dependent production of CH 4 using the concentrations of 
the reactants and products which were actually measured and in- 
serting them into the Nernst equation as described by Conrad et al. 
(1986). The pH was 7.3, and the bicarbonate concentration was 25 
and 20 mM in fresh and depleted soil, respectively. The partial pres- 
sures of H 2 and CH 4 are given in the results. 

Results 

The sequent ia l  opera t ion of redox processes in fresh pad- 
dy soil slurry incubated  under  anoxic condi t ions  is shown 
in Fig. l a. The endogenous  concent ra t ion  of  NO~- 
(about  200 gM)  was reduced within 4 h to undetectable  
concent ra t ions  ( <  0.1 ~tM). Accumula t ion  of Fe z+ start- 
ed a lmost  immediately.  In  a separate experiment,  Fe 3+ 
was measured as the difference between Fe 2+ and  total  
extractable Fe. The init ial  concent ra t ion  of Fe 3§ was 
110 ~tmol g - t  dry weight soil. Fe 3+ decreased in parallel 
with the accumula t ion  of  Fe 2§ . After  8 days of  incuba-  
t ion, when Fe 3+ had reached a concent ra t ion  of abou t  
40 gmol  g-1 dry weight, it s topped decreasing and  Fe 2+ 
no  longer accumulated,  indicat ing that  the residual Fe 3+ 
was no t  being further  reduced. Concent ra t ions  of SO42- 
increased dur ing  the first day and  then progressively de- 
creased unt i l  a threshold concent ra t ion  of about  1 - 2 g M  
was reached after 10 days (Fig. 1 a). Moreover, the reduc- 
t ion  of Fe 3+ and of SO 2- occurred simultaneously.  Pro-  
duct ion  of  CH4 started after 6 days and  accelerated unt i l  
the full rate was reached after 10 days of  incubat ion .  The 
rates of  the different reactions observed in this and  in sim- 
ilar experiments are summar ized  in Table 1. The experi- 
men t  was also conducted with paddy  soil which had been 
part ial ly depleted for endogenous  electron donors  by pro- 
longed incuba t ion  under  anoxic condi t ions  followed by 
drying (Fig. I b). The different redox processes showed a 
similar sequential  pat tern  to that  observed with fresh pad- 
dy soil The ma in  differences were the lack of  NO3- in the 
beg inn ing  and  the lower rate of  CH 4 produc t ion  in the 
end (Table 1). 



Fig. 1 Sequential operation of 
redox processes in fresh (a) 
and depleted (h) anoxic paddy 
soil slurry, showing reduction 
of NO 3- and SO4 2- and pro- 
duction of Fe z+ and CH 4 
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In depleted anoxic paddy soil, no endogenous NO 3 
was present. Added NOj- was rapidly consumed within 
12 h. In order to study the effect of  NOj- on the reduc- 
tion of Fe 3+, NOj- was repeatedly added to the anoxic 
paddy soil (Fig. 2). After 24 h NOj- was generally no lon- 
ger detectable. There was no accumulation of NO2 .  The 
repeated addition of  NOj- did not affect the accumula- 
tion of Fe 2+ by reduction of  endogenous Fe 3+ in flesh 
paddy soil (Fig. 2a), and resulted only in a slight, almost 
insignificant inhibition in depleted paddy soil (Fig. 2b). 
This slight inhibition was completely relieved when the 
paddy soil was simultaneously amended with an electron 
donor in the form of H 2, acetate, or a mixture of  fatty 
acids (butyrate, propionate, glucose, ethanol and fuma- 
rate; Fig. 2c). H 2 seemed to stimulate Fe 2§ production, 
indicating the presence of  H2-using ferric iron reducers. 

A similar experimental protocol was used to study the 
effect of  NOj- on SO42- reduction (Fig. 3). Again, NOj- 
had no effect in the fresh paddy soil (Fig. 3 a), but result- 
ed in complete inhibition of SO ] .  reduction in the pad- 
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dy soil which had been depleted in endogenous electron 
donors (Fig. 3 b). This inhibition was completely relieved 
by H2, but not by acetate or a mixture of  fatty acids and 
other electron donors (Fig. 3 c). 

Reduction of SO42- was also inhibited by the addition 
of Fe 3+ but only, however, in the depleted and not in the 
flesh paddy soil (Fig. 4 a, b). Immediately after the addi- 

Table 1 Rates of microbial redox processes in fresh and depleted 
paddy soil (mean _+ SD) of triplicates 

Reaction Rate (gmol g- t dry weight day- 1) 

Fresh soil Depleted soil 

NOr-reduction 0.84 _+ 0.09 0.85 a 
Fe z+ production 14.00 _+ 1.60 16.40 • 1.80 
SO 2- reduction 0.20 _+ 0.03 0.25 _+ 0.04 
CH 4 production 1.20 + 0.21 0.57 + 0.16 

a Measured after addition of NOj- 
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Fig. 5 Effect of the addition 
of Fe 3+ (40mM), SO 2- 
(15 raM), or NO~- (10mM) on 
the production of CH 4 in 
fresh (a) or depleted (b) anoxic 
paddy soil 
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tion of  Fe 3+, the concentration of SO 2- decreased, but 
recovered i day later (Fig. 4b). This effect was reproduc- 
ible and was possibly due to adsorption effects between 
SO 2- and Fe 3+ (Ponnamperuma 1972), but was not fur- 
ther investigated. The inhibition of  SO 2- reduction by 
Fe 3+ was completely relieved by the addition of exoge- 
nous electron donors such as H2, acetate, or a mixture of 
fatty acids with other compounds (Fig. 4c). 

The production of C H  4 was inhibited by any of  the 
other electron acceptors, i.e., by the addition of SO 2-, 
Fe 3+, or NO 3 (Fig. 5). The addition of  NO~- generally 
resulted in complete inhibition of  CH 4 production. The 
addition of SO 2- resulted in complete inhibition in the 
depleted (Fig. 5) but only in partial inhibition in the fresh 
(Fig. 5a) paddy soil. The addition of Fe 3+ generally re- 
sulted only in a partial inhibition of C H  4 production 
(Fig.  5). 

I n h i b i t i o n  o f  C H  4 p r o d u c t i o n  by Fe 3+ a n d  S O ] -  was 

pa ra l l e l ed  by a dec rease  in t he  H 2 pa r t i a l  p ressure  unt i l  a 
new s teady  state was r eached  at  a lower  H 2 pa r t i a l  
p ressure  (Figs. 6, 7). In  f resh  soil ,  however,  H 2 d id  n o t  
dec rease  to  such  low c o n c e n t r a t i o n s  as in dep l e t ed  soil.  
T h e  c o n c e n t r a t i o n s  were  used  to  ca l cu la t e  the  Gibbs  free 
energies  ava i lab le  f r o m  H e - d e p e n d e n t  C H  4 p r o d u c t i o n  
b e f o r e  a n d  a f t e r  a d d i t i o n  o f  t he  e x o g e n o u s  e l ec t ron  ac- 
c e p t o r  (Table 2). T h e  resul ts  i nd ica t e  t h a t  C H  4 p r o d u c -  

4.0 

C" 3.5 

3.0 
b 
~ 2.5 

-6 2.0 
E 

1.5 

=~ 1.o 

E 0.5 

0.0 

v + fe r r i hyd r i t e  b 
�9 + n i t ra te  o 
* + su l fa te  
[] con t ro l  / 

!,: J 

g 

/ {  
i l l l l  I g  

I I I I I I I I I I I 

0 4 8 12 16 20 

time (d) t ime (d) 

Table 2 Effect of SO 2- and Fe 3 + on the Gibbs free energies of 
H2-dependent methanongenesis in fresh and electron donor- 
depleted anoxic paddy soil. AG was calculated from the data 
shown in Figs. 6 and 7 immediately before and about 4 days after 
addition of the exogenous electron acceptor. In fresh soil with add- 
ed SO24 - H 2 eventually decreased to lower values, resulting in in- 
hibition of  CH 4 production 

Experiment H 2 AG Inhibition of 
(Pa) (kJ tool - 1 CH4) CH 4 production 

Fresh paddy soil 
Control 5.7 - 34.8 
+Fe  3+ 1.8 - 18.0 
+ SO~- 1.5 - 17.4 

Depleted paddy soil 
Control 3.1 - 31.6 
+ Fe 3 + 0.4 - 8.0 
+SO42- 0.8 - 11.0 

+ 
+ 

Fig. 6 Effect of the addition of Fe 3+ (30 raM) on the production 
of C H  4 and the partial pressure of H 2 in fresh (a) or depleted (b) 
anoxic paddy soil. In the depleted soil the final measurement was 
on day 60, for which the symbols are beyond the frame of the 
figure. Closed symbols control, open symbols plus ferrihydrite; 
V �9 H2, 0 �9 CH 4 
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Fig. 7 Effect of the addition of SO ]- (10 raM) on the production 
of C H  4 and the partial pressure of H 2 in fresh (a) or depleted (b) 
anoxic paddy soil. For further explanations, see Fig. 6 

tion from H 2 eventually became impossible when the AG 
had increased to values higher than - 1 7  kJ mo1-1 CH 4. 

Discussion 

Our experiments showed that the addition of  an exoge- 
nous electron acceptor to anoxic paddy soil generally in- 
hibited the reduction of electron acceptors with a lower 
standard redox potential, but only if the concentrations 
of  electron donors were limiting in the soil. The addition 
of  a suitable exogenous electron donor relieved the inhibi- 
tion. These results are consistent with the concept that the 
dominance of a particular reduction process is due to the 
successful competition for common electron donors by 
those bacteria able to use the electron acceptor with the 
higher standard redox potential. Thus, such bacteria are 
able to deplete the common electron donor to a lower 
threshold concentration than the unsuccessful competi- 
tor. 

Hence, the addition of NO~- slightly inhibited the re- 
duction of  Fe 3+ and strongly inhibited the reduction of 
SO]- ,  and to a larger extent in depleted than in fresh 
paddy soil. This observation indicates that the fresh pad- 
dy soil probably still had sufficient electron donors which 
could be used by the competing microorganisms. Reduc- 
tion of  SO 2- was reestablished only by the addition of  
exogenous H 2, and reduction of Fe 3+ was stimulated by 
the addition of  H 2. Obviously, the bacteria reducing 
NO~- and SO]-  had the potential to compete for H2, 
and the bacteria reducing Fef  were stimulated by H 2. 
This result is reasonable in the light of  our knowledge of  
these bacterial groups. NO~- reducers are known to use 
many different electron donors, including H 2, carbohy- 
drates, acetate, and other fatty acids as well as more com- 
plex substrates such as peptone (Beauchamp et al. 1989). 
SO2--reducing bacteria, however, use a smaller number 
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of electron donors. Enumeration of SO2--reducing bac- 
teria in the Italian paddy soil showed that Hz-using SOl-  
reducers were more numerous than those using acetate, 
lactate, or propionate (T. Wind and R. Conrad, unpub- 
lished data). Among the ferric iron reducers, Shewanella 
(Alteromonas) putrefaciens is known to use H 2 (Lovley et 
al. 1989). Enrichment cultures from the Italian paddy soil 
demonstrated the existence of  Fe3+-reducing bacteria 
which were able to use H 2, acetate, propionate, or ben- 
zoate as an electron donor (C. Achtnich and E Bak, un- 
published data). 

Inhibition of the reduction of  Fe 3+ by NO~- has been 
demonstrated previously in marine sediments (Soerensen 
1982) and in enrichment cultures from estuarine sedi- 
ments (Tugel et al. 1986). This inhibition was interpreted 
as chemical reoxidation of  Fe 2+ to Fe 3+ by NO 2 pro- 
duced during reduction of  NO~- (Komatsu et al. 1978). 
However, accumulation of NO 2 has never been observed 
in the NO~--treated Italian paddy soil. A biological oxi- 
dation of  Fe z+ to Fe 3+ by NO~--reducing bacteria would 
also be thermodynamically feasible, but microorganisms 
with these properties have not, to our knowledge, so far 
been described. Inhibition of  reduction of Fe 3 + by NO~- 
has also been demonstrated in heterotrophic soil bacteria 
that ferment glucose and have an NO~- reductase, i.e. Ba- 
cillus polymyxa, indicating that Fe 3+ is reduced by the 
bacterial N O f  reductase system (Ottow 1970; Munch 
and Ottow 1977). Other fermenting bacteria, i.e., Clos- 
tridium butyricum, that do not have an NO~- reductase, 
and consequently do not reduce NO~-, reduce Fe 3+ by 
another system that is not inhibited by NO~- (Munch 
and Ottow 1977). However, in these fermenting bacteria 
reduction of  Fe 3+ is only of  minor importance for the 
generation of  energy and consequently is considered to be 
a side reaction (Lovley 1991). Hence, the contribution of 
these fermenting bacteria to the reduction of Fe 3+ in soil 
is probably small compared to those using Fe 3+ reduc- 
tion as an energy-generating mechanism such as S. putre- 
faeiens (Lovley et al. 1989) or Geobacter metallireducens 
(Lovley et al. 1993). 

Reduction of SO]- was not only inhibited by the ad- 
dition of  NO~- but also by the addition of  Fe 3+ to 
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depleted paddy soil. In this case, the inhibition was re- 
lieved by the addition of H2, acetate, or a mixture of po- 
tential electron donors to the paddy soil. However, H2 
was the most effective exogenous electron donor. This ob- 
servation is consistent with the interpretation that H2 
was used by both the ferric iron and the SO~- reducers, 
whereas acetate and fatty acids were mainly used by the 
ferric iron reducers. S. putre faciens  is known to use H 2 
(Lovley et al. 1989), and G. metal l ireducens to use acetate, 
other short-chain fatty acids, and aromatics (Lovley et al. 
1993). It was interesting that Fe 3+ inhibited the reduction 
of  SO ] .  completely when it was added as additional ex- 
ogenous (amorphous) Fe 3+ (Fig. 4b), but that both elec- 
tron acceptors were reduced simultaneously when Fe 3+ 
was present as endogenous ferric iron (Fig. 1). Two expla- 
nations are conceivable: (1) The ratio of  Fe 3+ to SO 2- in 
relation to the available electron donors must be high 
enough to result in inhibition of SO 2- reduction, and 
this ratio is only reached by additional exogenous Fe 3+ . 
(2) Endogenous Fe 3+ , being at least partially crystalline, 
is less effectively reduced than amorphous exogenous fer- 
rihydrite (Munch and Ottow 1980, 1982; Fischer 1983; 
Lovley 1991). 

Production of  C H  4 was inhibited by all of  the other 
electron acceptors, i.e., NO~,  Fef ,  and SO]- ,  when they 
were added to actively CH4-producing paddy soil. Again, 
the inhibition was more pronounced in paddy soil which 
had previously been depleted in electron donors. In each 
case, however, the H 2 concentration in the anoxic paddy 
soil decreased when the exogenous electron donor was 
added. Obviously, H 2 was used to a lower concentration 
when an electron acceptor with a higher redox potential 
(e.g., SO4 z-)  became available to the soil microbial com- 
munity. This result is consistent with the competition con- 
cept that microorganisms have a lower threshold for H 2 
if they use an electron acceptor with a higher redox poten- 
tial (Lovley and Goodwin 1988; Cord-Ruwisch et al. 
1988). 

The measurement of the H 2 concentrations allowed 
the calculation of the actual Gibbs free energies available 
for H2-dependent methanogenesis before and after the 
addition of the exogenous electron acceptor. Before addi- 
tion, the AG were lower than -31  kJ mo1-1 CH4, a val- 
ue which is typical of anoxic paddy soil and other 
methanogenic environments (Conrad et al. 1986), and of  
methanogenic bacterial cultures (Seitz et al. 1990). After 
addition of  Fe 3+ or SO 2-, the zXG in depleted soil in- 
creased to values higher than - 1 7  kJ mo1-1 CH4, and 
methanogenesis eventually became inhibited. Obviously, 
the available energy was no longer sufficient to sustain 
methanogenesis. Moreover; this level of free energy is 
equivalent to less than 1/3 ATP, assuming that the irrever- 
sible synthesis of  1 mol ATP requires - 7 0 k J  (Schink 
t992), and 1/3 ATP seems to be the minimum amount of  
energy that can be harvested by a microorganism (Thauer 
and Morris 1984). 

Acknowledgements The study was financially supported by the 
Fonds der Chemischen Industrie. 

References 
Bak F, Scheff G, Jansen KH (1991) A rapid and sensitive ion chro- 

matographic technique for the determination of s,lfate and sul- 
fate reduction rates in freshwater lake sediments. FEMS 
Microbiol Ecol 85:23-30 

Beaucbamp EG, Trevors JT, Paul JW (i989) Carbon sources for 
bacterial denitrification. Adv Soil Sci I0:I t3-142 

Chao TT; Zhou L (1983) Extraction techniques for selective dissolu- 
tion of amorphous iron oxides from soils and sediments. Soil 
Sci Soc AM J 47:225-232 

Conrad R, Schink B, Phelps TJ (1986) Thermodynamics of 
Hz-producing and H2-consuming metabolic reactions in diverse 
methanogenic environments under in-situ conditions. FEMS 
Microbiol Ecol 38:353-360 

Conrad R, Lupton FS, Zeikus JG (1987a) Hydrogen metabolism 
and sulfate-dependent inhibition of methanogenesis in a 
eutrophic lake sediment (Lake Mendota). FEMS Microbiol Ecol 
45:107-115 

Conrad R, Schiitz H, Babbel M (1987b) Temperature limitation of 
hydrogen turnover and methanogenesis in anoxic paddy soil. 
FEMS Microbiol Ecol 45:281-289 

Cord-Rnwisch R, Seitz JH, Conrad R (1988) The capacity of 
hydrogenotrophic anaerobic bacteria to compete for traces of 
hydrogen depends on the redox potential of the terminal elec- 
tron acceptor. Arch Microbiol 149:350-357 

Dolling J, Tiedje JM (1991) Kinetics of 2 complementary hydrogen 
sink reactions in a defined 3-chlorobenzoate degrading 
methanogenic co-culture. FEMS Microbiol Eeol 86:25-32 

Fischer WR (1983) Theoretische Betrachtungen zur reduktiven 
AuflOsung yon Eisen(III)-oxiden. Z Pflanzenernaehr Bodenkd 
146:611 - 622 

Isa Z, Grusenmeyer S, Verstraete W (1986) Sulfate reduction relative 
to methane production in high-rate anaerobic digestion: micro- 
biological aspects. Appl Environ Microbiol 51:580-587 

K~ng GM (1984)Utilization of hydrogen, acetate, and "noncompet- 
itive" substrates by methanogenic bacteria in marine sediments. 
Geomicrobiol J 3:275-306 

Komatsu Y, Takagi M, Yamaguchi M (1978) Participation of iron 
in denitrification in waterlogged soil. Soil Biol Biochem 
10:21-26 

Kristjansson JK, Sch6nheit P, Thauer RK (1982) Different K s val- 
ues for hydrogen of methanogenic bacteria and sulfate reducing 
bacteria: an explanation for the apparent inhibition of 
methanogenesis by sulfate. Arch Microbiol 131:278-282 

Lovley DR (1985) Minimum threshold for hydrogen metabolism in 
methanogenic bacteria. Appl Environ Microbiol 49:1530-1531 

Lovley DR (1991) Dissimilatory Fe(III) and Mn(IV) reduction. 
Microbiol Rev 55:259-287 

Lovely DR, Phillips EJP (1987) Competitive mechanisms for inhi- 
bition of sulfate reduction and methane production in the zone 
of ferric iron reduction sediments. Appl Environ Microbiol 
53:2636-2641 

Lovley DR, Goodwin S (1988) Hydrogen concentrations as an indi- 
cator of the predominant terminal electron-accepting reactions 
in aquatic sediments. Geochim Cosmochim Acta 52:2993-3003 

Lovley DR, Dwyer DF, Klug MJ (1982) Kinetic analysis of competi- 
tion between sulfate reducers and methanogens for hydrogen in 
sediments. Appl Environ Microbio[ 43:1373-1379 

Lovley DR, Phillips EJP, Lonergan DJ (1989) Hydrogen and for- 
mate oxidation coupled to dissimilatory reduction of iron or 
manganese by Alteromonas putrefaciens. Appl Environ Micro- 
biol 55:700-706 

kovley DR, Giovannoni S J, White DC, Champine JE, Phillips EJP, 
Gorby YA, Goodwin S (1993) Geobc~cter metatlireducens gen 
nov sp nov, a microorganism capable of coupling the complete 
oxidation of organic compounds to the reduction of iron and 
other metals. Arch Microbiol 159:336-344 

Mayer HI?, Conrad R (1990) Factors influencing the population of 
methanogenic bacteria and the initiation of methane production 
upon flooding of paddy soil. FEMS Microbiol Ecol 73:103 - 112 



72 

Mountfort DO, Asher RA, Mays EL, Tiedje JM (1980) Carbon and 
electron flow in mud and sandflat intertidal sediments at Dela- 
ware Inlet, Nelson, New Zealand. Appl Environ Microbiol 
39:686- 694 

Munch JC, Ottow JCG (1977) Modelluntersuchungen zum Mecha- 
nismus der bakteriellen Eisenreduktion in hydromorphen 
B0den. Z Pflanzenernaehr Bodenkd 140:549-562 

Munch JC, Ottow JCG (1980) Preferential reduction of amorphous 
to crystalline iron oxides by bacterial activity. Soil Sci 
129:15-21 

Munch JC, Ottow JCG (1982) Einflul3 von Zellkontakt und 
Eisen(III)-Oxidform auf die bakterielle Eisenreduktion. Z 
Pflanzenernaehr Bodenkd 145:66-77 

Ottow JCG (1970) Selection, characterization and iron-reducing ca- 
pacity of nitrate reductaseless (nit-) mutants of iron-reducing 
bacteria. Z Allg Mikrobiol 10:55-62 

Patrick WH Jr, Reddy CN (1978) Chemical changes in rice soils. In: 
International Rice Research Institute (ed) Soils and rice. IRRI, 
Los Bafios, pp 361-379 

Ponnamperuma FN (1972) The chemistry of submerged soils. Adv 
Agron 24:29- 96 

Qatibi AI, Bories A, Garcia HL (1990) Effects of sulfate on lactate 
and C 2-volatile, C 3-volatile fatty acid anaerobic degradation by 
a mixed microbial culture. Antonie van Leeuwenhoek J 
Microbiol Serol 58:241-248 

Robinson JA, Tiedje JM (1984) Competition between sulfate-reduc- 
ing and methanogenic bacteria for H z under resting growing 
conditions. Arch Microbiol 137:26-32 

Rothfuss F, Conrad R (1993) Vertical profiles of C H  4 concentra- 
tions, dissolved substrates and processes involved in CH 4 
production in a flooded Italian rice field. Biogeochemistry 
18:137-152 

Schink B (1992) Syntrophism among prokaryotes. In: Balows A, 
Triaper HG, Dworkin M, Harder W, Schleifer KH (eds) The pro- 
karyotes, vol 1, 2nd edn. Springer, New York, pp 276-299 

Schtitz H, Holzapfel-Pschorn A, Conrad R, Rennenberg H, Seiter 
W (1989) A 3-year continuous record on the influence of day- 
time, season and fertilizer treatment on methane emission rates 
from an Italian rice paddy. J Geophys Res 94:16405-16416 

Schwertmann U, Cornell RM (1991) Iron oxides in the laboratory. 
VCH, Weinheim 

Seitz H J, Schink B, Pfennig N, Conrad R (1990) Energetics of syn- 
trophic ethanol oxidation in defined chemostat cocultures. 1. 
Energy requirement for H z production and H 2 oxidation. Arch 
Microbiol 155:82-88 

Soerensen J (I982) Reduction of ferric iron in anaerobic, marine 
sediment and interaction with reduction of nitrate and sulfate. 
Appl Environ Microbiol 43:319-324 

Stookey LL (1970) Ferrozin. A new spectropbotometric reagent for 
iron. Anal Chem 42:779-781 

Thauer RK, Morris JG (1984) Metabolism of chemotrophic anaer- 
obes: old views and new aspects. In: Kelly DP, Carr NG (eds) 
The microbe 1984. Part II: Prokaryotes and eukaryotes. Cam- 
bridge University Press, Cambridge, pp 123-168 

Thauer RK, Jungermann K, Decker K (1977) Energy conservation 
in chemotrophic anaerobic bacteria. Bacteriol Rev 41:100-180 

33agel JB, Hines ME, Jones GE (1986) Microbial iron reduction by 
enrichment: cultures isolated from estuatine sediments. Appl 
Environ Microbiol 52:1167-1172 

VanSchreven DA (1968) Mineralization of the carbon and nitrogen 
of plant material added to soil and of the soil humus during 
drying incubation following periodic drying and rewetting of 
the soil. Plant Soil 28:226-245 

Ward DM, Winfrey MR (1985) Interactions between methanogenic 
and sulfate-reducing bacteria in sediments. Adv Aquat 
Microbiol 3:541 - 179 

Westermann P, Ahring BK (1987) Dynamics of methane produc- 
tion, sulfate reduction, and denitrification in a permanently wa- 
terlogged alder swamp. Appl Environ Microbiol 53:2554-2559 

Winfrey MR, Zeikus JG (1977) Effect of sulfate on carbon and elec- 
tron flow during microbial methanogenesis in freshwater sedi- 
ments. Appl Environ Microbiol 33:275-281 

Zehnder AJB, Stumm W (1988) Geochemistry and biogeochemistry 
of anaerobic habitats. In: Zehnder AJB (ed) Biology of 
anaerobic microorganisms. Wiley, New York, pp 1-38 


